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Attracting increasing attention in recent years, the Free Space Optics (FSO) technology has
been recognized as a cost-effective wireless access technology for multi-Gigabit rate wireless
networks. Radio on Free Space Optics (RoFSO) provides a new approach to support various
bandwidth-intensive wireless services in an optical wireless link. In an RoFSO system using
wavelength-division multiplexing (WDM), it is possible to concurrently transmit multiple data
streams consisting of various wireless services at very high rate. In this paper, we investigate
the problem of optical power allocation under power budget and eye safety constraints for
adaptive WDM transmission in RoFSO networks. We develop power allocation schemes for
adaptive WDM transmissions to combat the effect of weather turbulence on RoFSO links.
Simulation results show that WDM RoFSO can support high data rates even over long distance or
under bad weather conditions with an adequate system design.
& 2015 Chongqing University of Posts and Telecommunications. Production and Hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Recently, demand for multimedia service with high quality of
service (QoS) requirements has been drastically increasing. To5.09.001
ty of Posts and Telecommunicatio
(http://creativecommons.org/lic
at the 2014 IEEE Wireless
nference (WCNC), Istanbul,
ail.auburn.edu (H. Zhou),
urn.edu (P. Agrawal).cater to the increasing demand on capacity, optical ﬁbers have
been utilized for years to deliver high volume of data, often
between central and remote universal stations. Due to the
relatively high cost of deploying optical ﬁbers, Free Space
Optics (FSO) has been developed as a cost-effective alter-
native wireless access technology for multi-Gigabit rate com-
munication networks. FSO provides an excellent alternative to
optical ﬁber systems for last-mile access networks [1], ranging
from local area network (LAN)-to-LAN connection for enter-
prise/campus, high capacity military communications, to
disaster recovery and emergency response, among others.ns. Production and Hosting by Elsevier B.V. This is an open access
enses/by-nc-nd/4.0/).
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community, the FSO technology has also been developed
for carrying various wireless services, as known as Radio on
Free Space Optics (RoFSO). FSO systems can operate on
wavelengths in the 1520–1600 nm range, which makes the
development of wavelength-division multiplexing (WDM)
RoFSO systems feasible. Advanced Dense Wavelength Divi-
sion Multiplexing (DWDM) RoFSO systems have been devel-
oped to support the simultaneous transmission of multiple
wireless signals [1]. Despite of its great potential of
supporting data intensive communications for various appli-
cations, a line-of-sight (LOS) path is required in any FSO
system. Consequently, FSO is highly susceptible to the
atmospheric environment due to the inhomogeneity of air
temperature and pressure, or ﬂying objects [2]. To harvest
the high potential of RoFSO, fading-mitigation techniques
should be employed to mitigate atmospheric turbulence-
induced intensity ﬂuctuations.
To this end, topology control [3,2,4,5], load-balancing
[6], and spatial diversity techniques [7] have been studied
and proved to be effective in maintaining a good system
performance. Adaptive transmissions have been recently
introduced into FSO systems and is emerging as a potential
solution to mitigate the effect of atmospheric turbulence
[8]. In FSO systems, channels are usually slow-fading and
FSO transceivers have full-duplex capabilities. With negli-
gible effect on data rates, a small portion of the bandwidth
can be used for feedback of channel state information (CSI).
In some hybrid RF/FSO systems, the RF channel can be used
for CSI feedback [9]. Thus reliable CSI could be available in
FSO systems, which will be highly useful for designing
adaptive transmission schemes.
In this paper, we propose optical power allocation
schemes for an adaptive WDM RoFSO system in which
variable wavelengths are adopted to mitigate the effect
of weather turbulence [10]. Proposed optical power alloca-
tion schemes optimally allocate transmit power to achieve
maximum capacity and enhance the performance of the
WDM RoFSO system. Nowadays, the bandwith wavelengths
between 1520 nm and 1600 nm have already been used in
FSO systems. Furthermore, the emerging quantum cascade
laser (QCL) technology can offer great ﬂexibility on adjust-
ing an RoFSO transceiver to operate on the optimal transmit
wavelengths [11]. Under a total power constraint, different
optical powers can be allocated to the chosen wavelengths
in a WDM RoFSO system, to achieve further enhanced
system performance.
We investigate the problem of optical power allocation
under the total power budget and eye safety power
constraints for adaptive WDM transmission in RoFSO sys-
tems. To achieve capacity gain, we ﬁrst analyze a conven-
tional FSO system and develop a simple water-ﬁlling based
algorithm to derive the optimal power allocation for the
chosen wavelengths. For WDM RoFSO systems, a near-
optimal RoFSO power allocation algorithm is developed
based on the reformulation–linearization technique (RLT)
[12], which can provide a linear programming (LP) relaxa-
tion of the complex problem. A computationally efﬁcient
scheme is also developed based on an approximation of the
channel model. Finally, we investigate the diversity gain in
the WDM RoFSO system. The performance of the proposed
schemes is evaluated with simulations, and is demonstratedto be highly effective for achieving high system capacity
under various scenarios.
The remainder of this paper is organized as follows. The
related work is discussed in Section 2. The system model is
presented in Section 3, while the three power allocation
schemes are developed in Section 4 to fully utilize DWDM
RoFSO systems. Simulation results are analyzed in Section 5.
Section 6 concludes this paper.2. Related work
Attracting signiﬁcant interest both in academia and indus-
try, the FSO technology has been recognized as a promising
solution for high capacity, long distance communications.
The performance of FSO networks is highly depend on the
availability and reliability of the LOS path since an FSO
transmitter is highly directional. Weather turbulence
strongly affects FSO communication links. Weather effects
on the connectivity of FSO networks were studied in [13].
The inﬂuence of turbulence-accentuated interchannel
crosstalk on WDM FSO system performance has been studied
in [14].
Many fading-mitigation techniques have recently been
employed to maintain a good FSO system performance. In
[15], a multipath fading resistant FSO communication
system architecture was introduced to combat adverse
weather conditions. Spatial diversity techniques, exten-
sively studied in conventional RF communication systems
[16], can also be applied in FSO systems to improve system
performance. A multiple-input multiple-output (MIMO) FSO
system can achieve signiﬁcant diversity gain in the presence
of atmospheric fading by deploying multiple transmit or
receiver apertures [7,17]. A cooperative diversity technique
[18–20] is also a cost-effective alternative to maintain
system performance. In a recent work [21], a one-relay
cooperative diversity scheme was proposed for combating
turbulence-induced fading, while cooperative diversity was
analyzed for non-coherent FSO communications.
Adaptive transmission technology has been introduced
into FSO systems to mitigate weather turbulence. Djordje-
vic in [22] applied the conventional wireless adaptive
modulation and coding method in an FSO system and further
studied adaptive low-density-parity-check (LDPC) coded
modulation to compensate performance degradation when
turbulence is strong. Karimi and Uysal in [8] designed
transmission algorithms with consideration of the number
of bits carried per chip time (BpC) in an FSO link, in which
intensity modulation/direct detection (IM/DD) with M-ary
pulse position modulation (M-PPM) was employed. Several
other adaptive schemes have also been proposed and
studied. In [11], the authors proposed using variable
wavelength to combat the effects of atmospheric interfer-
ence. Varying wavelength becomes feasible as the QCL
technology becomes more mature. In [23], the authors
proposed an adaptive transmission scheme to satisfy the
requirements of various wireless services. A WDM power
allocation method considering Optical Modulation Index
(OMI) was proposed in their adaptive RoFSO system design.
The authors in [24] studied the potential of the MIMO
channel for combating link fading. However, the perfor-
mance of the FSO MIMO system is constrained by the
Table 1 Table of notation.
Symbol Deﬁnition
hl FSO link attenuation
hf Atmospheric turbulence
ATX Aperture area of the transmitter
ARX Aperture area of the receiver
α Atmospheric attenuation coefﬁcient
V Visibility in kilometers
Λ Wavelength
q A parameter related to visibility
CNR Carrier to noise ratio
OMI Optical modulation index
RIN Relative intensity noise
K Boltzman's constant
T Temperature
m Photodiode gain
e Electrical charge
F Excess noise factor
Gf Photodiode output conductance
h Channel state of a FSO link
B Bandwidth
N Number of available wavelength bands
M Number of used wavelength bands
hi Channel gain for channel i
Pi Optical power allocated to channel i
P Peak power bound for transmitted pulse
Pmax Power budget
λ; λi Lagrange multipliers
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diodes (APDs) [25] were studied and commonly used in FSO
systems.
In this paper, we propose power allocation schemes for
adaptive WDM transmissions to achieve capacity gain or
diversity gain. WDM has been employed in FSO transmission
systems and has been shown to be capable of supporting
very high data rate transmission in [26]. RoFSO technology
makes it possible to transmit multiple RF signals using WDM.
RoFSO provides a promising alternative to optical ﬁber
systems. In [27], the authors designed and evaluated an
RoFSO system as an universal platform for the integration of
optical ﬁber and FSO networks. In [28], optical fading in FSO
Channels was statistically analyzed, while [1] provides a
comprehensive study of RoFSO and the satisfactory results
conﬁrmed that the effect of scintillation on RoFSO perfor-
mance can be estimated by an analytical model.
In the adaptive WDM RoFSO system we studied, a variable
number of wavelengths are adopted to mitigate weather
turbulence and optical transmit power is optimally allo-
cated to achieve maximum capacity gain. Although turbu-
lence may not change signiﬁcantly with wavelength in some
weather conditions, considering the huge bandwidth that
the DWDM RoFSO system can support, it is still non-trivial to
study the problem of utilizing wavelength properly. More-
over, since QCL technology can offer great ﬂexibility on
adjusting wavelengths, more wavelengths can be utilized as
FSO systems advance. Alternatively, the multiple wave-
lengths used in the WDM RoFSO system can be utilized to
achieve robustness of the system.3. System and channel model
In this section, we will introduce the channel model and
system models. We summarize the notation used in this
paper in Table 1.3.1. Channel model
FSO transceivers are highly directional, but FSO links are
prone to degradation due to weather turbulence. We
consider both effects of path loss and turbulence-induced
fading over FSO links [18]. The optical channel state h is
modeled as a product of two factors
h¼ hl  hf ; ð1Þ
where hl denotes the attenuation and hf represents the
atmospheric turbulence. Attenuation hl is a function of
optical wavelength Λ and link distance d, as
hl ¼
ATXARX  eαd
ðΛ  dÞ2
; ð2Þ
where ATX and ARX are the aperture areas of transmitter and
receiver, respectively. The atmospheric attenuation coefﬁ-
cient α is given by
α¼ 3:91
V
 
 Λ
55
 q
; ð3Þ
where V is the visibility in kilometers and q is a parameter
related to the visibility as [8]q¼ 0:585V
1=3; Vr6 km
1:3; 6 km rVr50 km:
(
ð4Þ
For fading hf, we assume atmospheric turbulence can be
modeled as a log-normal distribution [29]. The log-normal
model is a widely used fading model, especially under weak-
to-moderate turbulence conditions.
The channel model for an FSO link can be written as
y ¼ h  Pt  xþn; ð5Þ
where x and y are transmitted and received signal respec-
tively; Pt is the power of the transmitted pulse; and n is the
additive Gaussian noise.
3.2. System model
RoFSO is a new technology that provides high data rate and
reliable transmission. The RoFSO system using WDM allows
simultaneous transmission of multiple data streams consist-
ing of various wireless and wireline services at very high
rates. An advanced DWDM RoFSO system is illustrated in
Fig. 1 [1].
We assume a WDM FSO system that is capable of operat-
ing in the wavelength band from 1520 nm to 1600 nm. Apart
from the data-transmitting antenna, we assume that an
atmospheric inﬂuence measurement antenna or weather
measurement device is equipped at the FSO BS. Thus, we
can estimate atmospheric loss for channels using different
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Fig. 1 Illustration of an advanced DWDM RoFSO system.
H. Zhou et al.174wavelengths. Alternatively, CSI can be obtained by using a
small portion of the bandwidth to provide channel informa-
tion without tangibly affecting the data rate. In some hybrid
RF/FSO systems, the RF channel can be used for CSI feed-
back. Since atmospheric turbulence is a major degrading
factor in FSO systems, we propose power allocation schemes
for the adaptive RoFSO system, in which both wavelength
and transmit power will be adaptively allocated according
to channel conditions.
An important parameter to evaluate the performance of
RF-FSO is the carrier to noise ratio (CNR). The CNR of an
RoFSO system using an APD photo detector is given as [1]
CNR¼ 0:5ðOMI mPrÞ
2
RIN  P2r þ2emð2þFÞPrþ4KT  Gf
; ð6Þ
where OMI is the optical modulation index, m is the
photodiode gain, T is the temperature, K is Boltzman's
constant, e is the electrical charge and Gf is the photodiode
output conductance. In the denominator, 4 KTGf is thermal
noise; F is the excess noise factor; m is the photodiode gain;
e is the electrical charge; 2emð2þFÞPr is the optical short
noise; and RINP2r is the relative intensity noise from Laser
diode (LD). The numerator represents the received signal
power. Pr ¼ rPpd, where r is the photodiode responsivity and
Ppd is the received power at the detector and is given as
the product of transmit power and channel gain. Without
loss of generality, we assume all tones are modulated with
the same OMI that will not introduce intermodulation
distortion.4. Adaptive WDM transmission
To mitigate the effect of weather turbulence, we adapt
wavelength and adjust power allocation to achieve better
system performance. First, we consider an RoFSO system
using wavelength Λ in the range of [1520,1600] nm. The
available wavelengths are divided into N parts, which are
non-overlapping with adequate spacing. We assume the FSO
channel is slow varying [8]. For each channel with wave-
length Λi, we can estimate its channel state hi or obtain the
channel state through a feedback channel.
In different weather conditions, it is desirable to choose
the wavelengths that have the best channel conditions. We
assume that the WDM FSO system will use at most M
different wavelengths. Among the N available wavelengths,
we will ﬁrst choose M wavelengths that have the greatest
channel gains. The next step is to allocate transmit powers
to different wavelengths such that the system capacity is
maximized.4.1. Conventional FSO system
We ﬁrst consider conventional modeling of wireless channels
under white Gaussian noise. For the sake of simplicity, we
deﬁne channel gain over noise for channel i by abusing of
notation as
hi ¼
jhl  hf j2
N0
: ð7Þ
According to the estimated channel gains, we choose M
wavelengths that can offer the greatest channel gains from
the N available wavelengths. Here M is a constant jointly
determined by the channel conditions and the capacity
need of the system. It can be set to N, for example, if all
the wavelengths are to be used.
Let Pi be the optical power allocated to channel i. Due to
ﬁxed power budget Pmax for each FSO base station, we have
the following total power constraint:
XM
i ¼ 1
PirPmax : ð8Þ
In FSO systems, eye safety should always be taken into
consideration in the system design. Thus we have the
additional power constraint
0rPirP for all i: ð9Þ
where P is the peak power bound for the transmit powers.
Thus, we formulate the following capacity maximization
problem:
max
XM
i ¼ 1
logð1þPi  hiÞ ð10Þ
s:t:
XM
i ¼ 1
PirPmax ð11Þ
0rPirP ; for all i: ð12Þ
By applying Karush–Kuhn–Tucker (KKT) theorem, we can ﬁnd
that optimal power allocation satisﬁes
Pi ¼min P ;
1
λ
 1
hi
 þ 
XM
i ¼ 1
Pi ¼ Pmax ;
8>><
>>:
ð13Þ
where λ is the Lagrange multiplier. The inverse of λ is often
regarded as the water level.
The algorithm to solve the capacity maximization pro-
blem is to ﬁrst sort the channels according to their channel
gains. We then ﬁnd the number of channels n, which are
log(1+γ )
γ0
Tangent lines
Segment connecting 
the end points
γi
Fig. 2 Four-point polyhedral outer approximation for
logð1þγÞ.
175Optical power allocation for adaptive transmissions in wavelength-division multiplexing free space optical networksallocated with a nonzero power, as in Steps 2–3. The water
volume Hn that is required to ﬁll n channels can be
calculated as
Xn
i ¼ 1
i  1
hiþ1
 1
hi
 
;
and Hn should not be greater than Pmax. Then we can
calculate the water level and allocate power to each
selected channel according to (13). This procedure is based
on the assumption that a feasible power should also satisfy
the eye safety power constraint. If the allocated power
ð1=λ1=hiÞ is greater than P, we need to adjust the water
level accordingly. The detailed water-ﬁlling algorithm is
presented in Algorithm 1.
Algorithm 1. The water-ﬁlling algorithm.
4.2. DWDM RoFSO system
Next, we develop the model for the RoFSO channels as
described in Section 3, which is more suitable for RoFSO
using APD photo-detectors. CNR deﬁned in Section 3.2 will
be an important parameter to evaluate the RoFSO
performance.
4.2.1. Reformulation and relaxation based approach
To simplify notation, we denote the constant 0:5ðmOMIÞ2 by
a, the relative intensity noise level RIN by b, the optical
short noise 2emð2þFÞ by c, and the thermal noise 4 KTGf by
d. Thus, our adaptive power allocation problem becomes
max
XM
i ¼ 1
log 1þ aiðPihiÞ
2
biðPihiÞ2þciPihiþdi
 !
ð14Þ
s:t:
XM
i ¼ 1
PirPmax ð15Þ
0rPirP for all i: ð16ÞIf we denote CNR by
γi ¼
aiðPihiÞ2
biðPihiÞ2þciPihiþdi
; ð17Þ
the optimization problem, termed Problem OPT-RoFSO, can
be rewritten as
max
XM
i ¼ 1
logð1þγiÞ ð18Þ
s:t
XM
i ¼ 1
PirPmax ð19Þ
0rPirP for all i ð20Þ
γi ¼
aiðPihiÞ2
biðPihiÞ2þciPihiþdi
for all i: ð21Þ
It is challenging to solve this problem due to its complexity
and nonlinear nonconvex properties. In the following, we
adopt the RLT technique to obtain an LP relaxation of
Problem OPT-RoFSO and derive a feasible near-optimal
solution [12].
The RLT relaxation is as follows. Letting
ci ¼ logð1þγiÞ;
the objective function
PM
i ¼ 1 ci will now be linear and new
constraints ci ¼ logð1þγiÞ are introduced. We ﬁrst linearize
the logarithmic terms in the new constraints using the
polyhedral outer approximation as follows.
From (21), it can be seen that γi is a monotone increasing
function of Pi. Letting Pi be 0 and P, we obtain the lower
and upper bounds of γi, respectively. We denote the upper
bound of γi by γ i, while the lower bound is 0. We use the
four-point approximation and obtain the following new
linear constraints:
ciZ
γi
γ i
 log 1þγ i
 	
cir log 1þγki
 	þγiγki
1þγki
;
8>><
>>:
ð22Þ
where
γki ¼
1
3
 kγ i for k¼ 0; 1; 2; 3:
H. Zhou et al.176The ﬁrst equation in (22) is for the segment connecting the
two end points of the logarithm function and the second
equation in (22) is for the tangent lines at the four points on
the logarithm function respectively. A four-point approx-
imation for logð1þγÞ is illustrated in Fig. 2. The correspond-
ing convex envelope is formed by four tangent lines and a
chord connecting the two end points.
Problem OPT-RoFSO now becomes a polynomial program-
ming problem. We next introduce substitution variables and
the corresponding RLT bound-factor product constraints to
remove the quadratic terms and to obtain an LP relaxation.
Speciﬁcally, constraint (21) contains quadratic terms. We
can rewrite (21) as
biðPihiÞ2γiþcihiPiγiþdiγiaiðPihiÞ2 ¼ 0: ð23Þ
To remove quadratic terms, we deﬁne substitution variables
ui ¼ P2i for all i
vi ¼ γiPi for all i
wi ¼ γiui for all i
βi ¼ civi for all i:
8>><
>>:
ð24Þ
Thus constraint (21) becomes
bih
2
i wiþhiβiþdiγiaih2i ui ¼ 0: ð25Þ
Since Pi is bounded, it can easily show that uiA ð0; P2Þ. For
variables vi, with 0rγirγ i and 0rPirP, we can obtain
the following RLT bound-factor product constraints:
ðγi0ÞðPi0ÞZ0
ðγ iγiÞðPi0ÞZ0
ðγi0ÞðPPiÞZ0
ðγ iγiÞðPPiÞZ0:
8>><
>>>:
ð26Þ
Substituting vi ¼ γiPi, we obtain the following four linear
constraints for variable vi:
viZ0
γ iPiviZ0
PγiviZ0
Pγ iγ iPiPγiþviZ0:
8>><
>>:
ð27Þ
For variable wi, with 0rγirγ i and 0ruirP
2
, we
obtain the following four linear constraints in the same
manner:
wiZ0
γ iuiwiZ0
P
2
γiwiZ0
P
2
γ iγ iuiP
2
γiþwiZ0:
8>>><
>>>:
ð28Þ
We deal with the variables βi in the same manner, with
0rcirci and 0rvirγ iP, and obtain the following four
linear constraints for variable βi.
βiZ0
civiβiZ0
γ iPciβiZ0
ciγ iPγ iPciciviþβiZ0;
8>><
>>:
ð29Þ
where ci ¼ logð1þγ iÞ.Now the original problem is relaxed to an LP problem
with the additional constraints and variables as follows:
max
XM
i ¼ 1
ci ð30Þ
s:t:
XM
i ¼ 1
PirPmax ð31Þ
0rPirP for all i ð32Þ
0ruirP
2
for all i ð33Þ
bih
2
i wiþhiβiþdiγiaih2i ui ¼ 0;
for all i ð34Þ
New linear constraints ð22Þ forall i ð35Þ
RLT bound factor constraints ð27Þ;
ð28Þ and ð29Þ for all i: ð36Þ
The relaxed problem can be solved in polynomial time with
an LP solver. Note that during the procedure of reformula-
tion and linearization, we preserve the original power
constraints of Problem OPT-RoFSO, i.e., (19) and (20).
Hence the optimal transmit power allocation policy
obtained for the LP relaxation is also feasible to the original
problem OPT-RoFSO. The feasibility of the LP solution is
summarized in the following proposition:
Proposition 1. The optimal transmit power allocation
policy to the LP relaxation of Problem OPT-RoFSO is a
feasible solution to the original problem.
4.2.2. A faster near-optimal algorithm
Due to the complexity of the RLT-based method, it may not
be suitable when the channels vary quickly. We next
develop a more computationally cost-effective scheme in
the following. If we ignore the relative intensity noise and
optical short noise, CNR can be approximated by
0:5P2r ðmOMIÞ2=4KTGf. To simplify notation, we denote con-
stant value 0:5ðmOMIÞ2=4KTGf by a. We obtain the following
optimization problem:
max
XM
i ¼ 1
log 1þaiðPihiÞ2

 
ð37Þ
s:t:
XM
i ¼ 1
PirPmax ð38Þ
0rPirP for all i: ð39Þ
According to Karush–Kuhn–Tucker (KKT) theorem, if
P⋆ ¼ ½P⋆1 ; P⋆2 ;⋯; P⋆M is a local maximizer for the above
optimization problem, there exists λAR and λiAR, for
Table 2 Simulation parameters.
Symbol Value Deﬁnition
Dt 15 mm Tx. aperture diameter
Dr 0.1 m Rx. aperture diameter
B 1 GHz Bandwidth
d 1 km Distance
Pmax 0.5 W Power budget
P 0.1 W Peak power constraint
OMI 17.5% Optical modulation index
m 5 Photodiode gain
RIN 150 dB/Hz Relatively intensity noise
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Fig. 3 System capacity versus the power budget Pmax.
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∂½logð1þaiðP⋆i hiÞ2Þ
∂Pi
λλi ¼ 0 for all i
λ
XM
i ¼ 1
P⋆i Pmax
 !
¼ 0
λiðP⋆i PÞ ¼ 0 for all i
λZ0;
λiZ0 for all i:
8>>>>>><
>>>>>>>:
ð40Þ
According to (40), if λi40, then P
⋆
i ¼ P; and if λi ¼ 0, we
can solve (40) to have
P⋆i ¼
1
λ
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
λ2
 1
aih
2
i
s
: ð41Þ
Thus we ﬁnd that the optimal power allocation satisﬁes
Pi ¼ min P ;
1
λ
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
λ2
 1
aih
2
i
s( )
; if λ2λaih
2
i
Pi ¼ 0; otherwisePM
i¼1 Pi ¼ Pmax:
8>>><
>>:
ð42Þ
Regarding the inverse of λ as some kind of “water level,”
we ﬁnd that the greater the channel gain, the larger the
deviation of the power allocated to this channel from the
water level. Usually we cannot directly solve from (42) for
the optimal power allocation. An iterative algorithm is
needed to obtain an appropriate λ and solve this optimiza-
tion problem. The detailed algorithm is presented in
Algorithm 2.
Algorithm 2. RoFSO power allocation algorithm.
5. Performance evaluation
In this section, we evaluate the performance of the
proposed algorithms with MATLAB simulations. We calculate
channel gains as shown in Section 3.1 and CNR are calcu-
lated according to (6) for the evaluated schemes. The
simulation parameters are the same from prior work and
are listed in Table 2 [1,23].
We investigate the three algorithms introduced in the
previous section for power allocation in the WDM RoFSO
system. Wavelengths in the band 1520–1580 nm are assumedin our WDM RoFSO simulations. We adopt a 5 nm spacing
between adjacent wavelengths used in the simulations.
In Fig. 3, we compare the three algorithms introduced in
Section 4 and examine the impact of the power budget on
the total system capacity. We increase Pmax from 0.5 to
1 with step-size 0.1 and plot the total capacity. As can be
seen in Fig. 3, the RoFSO power allocation algorithm out-
performs the other two algorithms with considerable gains.
Since the relative intensity noise and the optical short noise
are very small in our simulations, the RoFSO power alloca-
tion algorithm will achieve the best near-optimal solution.
The RLT algorithm, although consumes much running time,
can only produce an optimal power allocation for the
relaxed LP problem. The power allocation solution obtained
from RLT is feasible but achieves the worst performance in
terms of capacity gain due to relaxation. We also ﬁnd that
the total capacity increases along with the power budget for
both the water-ﬁlling algorithm and RoFSO power allocation
algorithm, albeit not obviously for the latter. After the
power budget becomes even larger, there is much less space
for capacity increment due to the eye safety power
constraint.
Next, we examine the effect of weather conditions on the
system capacity in Fig. 4. The distance between FSO BS's is
set to 500 m. We change the weather condition from clear
to foggy by changing the atmospheric attention coefﬁcient.
The coefﬁcient is 0.48 db/km for clear weather, 2.8 db/km
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Fig. 4 System capacity versus weather condition.
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Fig. 5 System capacity versus distance.
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Fig. 6 System capacity versus the number of subcarriers in
clear weather.
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Fig. 7 System capacity versus the number of subcarriers in
hazy weather.
H. Zhou et al.178for hazy weather, and 15 db/km for foggy weather [30]. As
can be seen from Fig. 4, the system capacity decreases as
weather gets worse. We also ﬁnd that the simple water-
ﬁlling algorithm which is developed for conventional RF
systems is not suitable for the RoFSO system when weather
condition is severe. The capacity achieved by the simple
water-ﬁlling algorithm decrease the most as the weather
becomes worse. When the weather is foggy, the capacity
achieved by the water-ﬁlling algorithm is about 10 Gbps.
We also plot the total capacity vs. the distance between
the FSO BS's in Fig. 5. As expected, the total capacity
decreases as the distance is increased. When the distance
between the FSO transceivers is relatively small, the
difference between the capacities achieved by three algo-
rithms is also small. But as we increase the distance from
500 m to 1 km or even greater, the capacities achieved by
simple water ﬁlling algorithm and RLT algorithm drop
dramatically. The capacity obtained by using the RoFSO
power allocation algorithm decreases the least and is always
greater than capacities produced by the other two schemes.
Finally, we examine the impact of the number of
subcarriers used in an adaptive WDM RoFSO system on the
system capacity. In the wavelength bands starting from
1520 nm, we adopt a 1 nm spacing between adjacentwavelengths. The simulation results in clear weather are
presented in Fig. 6. As we can see in Fig. 6, a system
capacity increase if we adopt more subcarriers in the
adaptive WDM RoFSO system. When there are 15 channels
in the system, the difference between the achieved capa-
city of the three schemes is not much great. However, as the
number of subcarriers increases, the advantage of the
RoFSO power allocation scheme becomes greater.
We also run our simulations in hazy and foggy weather
and presented in Figs. 7 and 8, respectively. In Fig. 7, the
RoFSO power allocation algorithm achieves greater capacity
with more subcarriers. System capacities increased with the
number of subcarriers for all three algorithms. However,
due to the simpliﬁed objective function used in the devel-
opment of the water-ﬁlling algorithm, the water-ﬁlling
algorithm does not achieve as much capacity as the RLT
algorithm when the number of sub-carriers is 35. The RoFSO
power allocation algorithm makes better use of available
subcarriers to enhance system capacity and thus provide
the greatest capacity. When weather conditions become
worse, the system capacity become much small and the
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Fig. 8 System capacity versus the number of subcarriers in
foggy weather.
179Optical power allocation for adaptive transmissions in wavelength-division multiplexing free space optical networksresults are shown in Fig. 8. When the weather is foggy, the
capacity achieved by the water-ﬁlling algorithm is very
small. But the RoFSO power allocation algorithm and the
RLT algorithm can maintain system performance in foggy
weather. Also when more subcarriers are utilized in the
system, more system capacity can be achieved by using
these two algorithms.
To conclude, the system performance in terms of capacity
by using the RoFSO power allocation algorithm is the best in
all situations studied here. These simulation results indicate
that with proper system design, the RoFSO system can
support high data rates even over long distance and under
bad weather conditions.6. Conclusions
In this paper, we investigated the problem of optical power
allocation under a power budget constraint and eye safety
power constraint for adaptive WDM transmission to mitigate
the effect of weather turbulence, and solution algorithms
are developed. For convectional transmission systems, a
simple water-ﬁlling algorithm can be adopted to allocate
power to different wavelengths; for WDM RoFSO systems, an
RoFSO power allocation algorithm was demonstrated to
achieve the greatest system capacity. It is capable of
supporting high data rates even over long distance or under
bad weather conditions. Utilizing multiple wavelengths in
the WDM FSO system for diversity gain was also investigated
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